Calcium is an essential element that plays numerous biological functions in the human body, of which one of the most important is skeleton mineralization. Bone is a mineralized connective tissue in which calcium represents the major component, conferring bone strength and structure. Proper dietary calcium intake is important for bone development and metabolism, and its requirement can vary throughout life. The mineral composition of drinking water is becoming relevant in the modulation of calcium homeostasis. In fact, calcium present in mineral drinking waters is an important quantitative source of calcium intake. This, together with its excellent bioavailability, contributes to the maintenance of the bone health. This article aims to examine studies that assessed the bioavailability of the calcium contained in calcium-rich mineral waters and their impact on bone health, including original data collected in a recent study in humans.
Introduction
Calcium is one of the most abundant elements in the human body and is a major component of the mineralized tissues where more than 99% of total body calcium is contained. It plays a key role in skeleton mineralization and is required for normal growth, development, and bone strength [1] . Moreover, it has a role in a wide range of biological functions, such as muscle contraction and nerve impulse transmission [2] . Since calcium is fundamental for many essential functions, it is important that its concentration in body fluids is maintained within a physiological range, thanks to the fine regulation by calcitropic hormones [3] . Calcium is an essential element and is, therefore, essential to introduce the recommended quantity through the diet.
In this manuscript, we will review literature focusing on calcium-rich mineral waters as a source of calcium and their effects on bone metabolism. Moreover, a case report will be treated in order to support evidence that calcium-rich mineral water is a valuable nutritional source of highly bioavailable calcium and can significantly contribute to achieving the daily requirement of this element.
Background
Bone is a complex cellular tissue that contains, by weight, approximately 70% mineral and 30% organic constituents. The mineral phase consists of about 95% hydroxyapatite, Ca 10 (PO 4 ) 6 (OH) 2 , An optimal calcium intake is necessary for bone health at all stages of life. Dietary requirements for calcium are determined by the need for bone development and bone maintenance, which vary throughout life, being higher during childhood and adolescence, during pregnancy and lactation, and in the elderly.
Recommended Dietary Allowance for Calcium varies between 700-1200 mg/day throughout life, as stated both at the international level by the United States Department of Agriculture (USDA) ( Table 1 ) [16] , and at the Italian level by the Reference Levels of Nutrients and energy intake for the Italian population (LARN, Livelli di Assunzione di Riferimento di Nutrienti ed energia per la popolazione italiana) [17] . Even though dairy products are the most recognized dietary sources of calcium, natural mineral waters are also a potential important source. Water is the main constituent of the human body and is involved in many bodily functions, including being the carrier of nutrients to reach biological fluids and also the main vehicle to eliminate waste and toxins [18] . Since the body lacks the water storage, a constant supply of fluids is needed to maintain water balance. According to LARN for water, a daily intake of 1.2 to 2.5 L of water should be guaranteed, because good hydration is essential to maintain body water equilibrium, although needs may vary among people, depending on age, physical activity, personal circumstances, and weather conditions [17, 19] . The USDA reports that water intake from food, beverages, and drinking water should be 2.7 L per day in women aged 19-50 years [20] .
Calcium-Rich Mineral Waters and Bone Metabolism
The 2009/54/EC directive classified natural mineral waters based on the mineral content, indicating "Water with Calcium" if calcium content is >150 mg/L [21] . High-calcium mineral waters could therefore be recommended to provide both a dietary calcium source and adequate hydration, while being calorie free.
Since the 1990s, studies have been carried out to assess the bioavailability of calcium contained in calcium-rich mineral water when compared with that of calcium taken with dairy products [22] [23] [24] [25] [26] [27] [28] [29] [30] .
In most studies, calcium absorption was directly measured using the tracer technique with isotopes [22] [23] [24] [25] [26] [27] , whereas other authors used indirect measurements, such as PTH serum concentration [30] , urinary [28, 29] , and serum calcium [28] . While the number of these studies is limited, and generally, small groups of participants were recruited, their convergent results led to a single concordant conclusion: the bioavailability of calcium from calcium-rich mineral waters is equivalent to [28, 31, 32] , or possibly higher than [24] , that of calcium contained in milk and dairy products.
Particularly, Bacciottini et al. measured the bioavailability of the calcium contained in a high-calcium mineral water in 27 healthy subjects, comparing it with milk, demonstrating that calcium from mineral water and from milk are similarly bioavailable [22] . Superimposable results were reported in a study by Heaney and Dowell, which compared the bioavailability of calcium from a calcium-rich water and milk in 18 healthy women [23] .
Following these two pioneering studies, the role of calcic mineral waters on mineral and bone metabolism has been studied, even if in a relatively small number of subjects. The majority of the studies demonstrated that mineral waters rich in calcium have a positive impact on both bone biomarkers and densitometric parameters [33] [34] [35] [36] [37] [38] [39] [40] .
Results of a randomized, placebo-controlled, double-blind trial, conducted by Meunier et al. in 152 postmenopausal healthy women with a low dietary calcium intake (below 700 mg/day), showed that the consumption of a sulphate-rich mineral water with a high calcium content (596 mg/L) reduced circulating PTH and bone turnover markers [35] .
Acute effects on bone metabolism within four hours from the ingestion of a calcium-rich water have been evaluated in 12 healthy young men in a study by Guillemant et al., showing that the intake of 0.5 L of water containing 172 mg calcium led to a significant transient reduction in serum PTH, with a nadir at one hour from water intake, and a progressively significant reduction in the bone resorption marker type 1 collagen cross-linked C-telopeptide (CTX) [40] .
A study by Cepollaro et al., conducted in 45 early postmenopausal women, showed that after about one year of consumption of either calcium-rich or low-content calcium mineral water, the group of women with low calcium intake had a significant decrease in bone mineral density (BMD) of the wrist [37] .
Costi et al. analyzed a sample of 255 pre-and post-menopausal women. They found that a regular intake of calcium-rich mineral water significantly contributed to maintain vertebral BMD, particularly after menopause [38] .
Aptel et al. collected data from a large sample of 4434 women within the EPIDemiologie de l'OSteoporose (EPIDOS) trial, a French prospective observational multicenter cohort study of osteoporosis epidemiology, observing that an increase of 100 mg per day of calcium from drinking water was associated with a 0.5% increase in femoral neck BMD in women older than 75 years [39] . Table 2 summarizes the main characteristics of the clinical studies that have evaluated calcium bioavailability from mineral water and the effects of this ion on mineral and bone metabolism [22] [23] [24] [25] [26] [27] [28] [29] [35] [36] [37] [38] [39] [40] . Overall, these studies support the role of calcic mineral waters as an important source of dietary calcium, that should be considered in order to obtain the recommended daily calcium intake, especially in cases of lactose intolerance. Definition of abbreviations: DXA = dual-energy X-ray absorptiometry; PTH = parathyroid hormone; CTX = type 1 collagen cross-linked C-telopeptide.
Case Report
We also performed a study investigating the relationship between calcium from calcium-rich mineral water and bone metabolism. Particularly, the aim of our study was to evaluate the effects of calcium from a calcium-rich mineral water on mineral and bone metabolism in a sample of premenopausal healthy women through the measurement of serum and urinary biomarkers.
Subjects and Methods
Thirty premenopausal women in good health, with regular menstrual cycles, were recruited to our longitudinal study that lasted nine weeks.
As daily dietary calcium intake of each participant was not to exceed 700 mg [17] , a specific web tool questionnaire to evaluate calcium intake, designed by the International Osteoporosis Foundation (IOF), was administered to the women by trained nutritionists. The questionnaire consisted of 78 food items including: milk and dairy products, fruits, vegetables, legumes, cereals, meats, fish, eggs, nuts, supplements, and cooked dishes. Subjects were asked to report consumption frequency and portion size assessment [41] . If necessary, dietary recommendations were provided to the participants.
In order to increase adherence and respect of the diet, the women enrolled in the study were selected from nutritionists, dieticians, and/or students from Dietician School at the University Hospital of Florence.
The exclusion criteria included: pregnancy and breastfeeding, body mass index (BMI) < 20 or ≥ 30 kg/m 2 , history of alcohol or drug abuse, current cancer or cancer diagnosed in the last five years, treatments potentially able to affect calcium metabolism (corticosteroids, diuretics, etc.), diseases requiring therapies potentially interfering with bone metabolism (rheumatoid arthritis, kidney failure, hypertension), fragility fractures, and enrolment in other clinical trials during the previous three months.
At the time of enrolment in the study (referred to as visit 1 (V1)), each participant underwent medical history and examination.
The entire study group was assigned to the consumption of a medium-mineral calcium-rich water, marketed under the name of Uliveto, for three weeks; for the next three weeks, each participant returned to drinking the water normally taken before the enrolment in the present study ("wash-out" phase); finally, for the last three weeks, each participant took a low mineralized water with low calcium content, named water B. Daily water consumption was two liters for the entire duration of the study (Figure 1 ). In order to increase adherence and respect of the diet, the women enrolled in the study were selected from nutritionists, dieticians, and/or students from Dietician School at the University Hospital of Florence.
The entire study group was assigned to the consumption of a medium-mineral calcium-rich water, marketed under the name of Uliveto, for three weeks; for the next three weeks, each participant returned to drinking the water normally taken before the enrolment in the present study ("wash-out" phase); finally, for the last three weeks, each participant took a low mineralized water with low calcium content, named water B. Daily water consumption was two liters for the entire duration of the study (Figure 1 ). The compositions of the Uliveto water and B water are shown in Table 3 . The compositions of the Uliveto water and B water are shown in Table 3 . Laboratory parameters related to mineral and bone metabolism were evaluated four times for each participant, particularly at baseline at the time of enrolment in the study (V1), and subsequently every three weeks, specifically at the end of each period of consumption of Uliveto and B waters (referred to as visit 2 (V2) and visit 4 (V4), respectively), and at the end of the "wash-out" phase (referred to as visit 3 (V3)) (Figure 1 ).
The following serum parameters were evaluated: calcium (mg/dL), phosphate (mg/dL), magnesium (mg/dL), total proteins (g/dL), PTH (pmol/L), 25(OH)vitaminD (ng/mL), bone alkaline phosphatase (BALP) (mcg/L), and beta cross laps (beta-CTX) (ng/mL). Urinary calcium and phosphate excretion were also evaluated by 24 h urine collection (mg/24 h). Complete urine test of fasting morning urine was also performed.
The study was approved by the Institutional Review Board (Comitato Etico Area Vasta Centro, AOUC, Florence, Italy), and informed consent was obtained from all participants included in the study. 
Statistical Analysis
Data were expressed as mean ± SD. The comparison between values of biochemical parameters was performed by Student's t-test. Statistical significance was considered as p < 0.05. All collected data were subjected to a preliminary verification with respect to the following criteria: Presence of outlier; undetectable values; significantly high values; and erratically performed 24 h urine collection. The term "outlier" is not employed to refer to a statistical outlier (i.e., an observation that is three standard deviations away from the sample mean or similar). Instead, we used the term outlier to refer to abnormal values likely resulting from urinary sample collection that was not reliable. The subjects considered outliers are those whose urinary collection was clearly proven to have not been performed as indicated and this is a criterion we have to use in an observational analysis. According to this verification, all the values of 24 h urinary calcium (V1, V2, V3, and V4) of 10 participants and single values of 24 h urinary calcium (V1; V1, and V2; V3, and V4) of three participants were excluded from statistical analysis.
Results
Thirty women aged 22 to 45 years were enrolled in the study. Three women voluntarily withdrew from the study, whereas the remaining twenty-seven completed it.
The subjects were enrolled on the basis of their low dietary calcium intake (not exceeding 700 mg/day).
No significant differences emerged between values of the evaluated serum parameters (calcium, phosphate, magnesium, total proteins, PTH, 25(OH)vitaminD, BALP, beta-CTX) and urinary parameter (24 h urinary phosphate) of mineral and bone metabolism. Particularly, no significant difference was found between the mean values of each laboratory parameter measured at V1 and the mean value of the same parameter measured at V2, nor between the mean values of each laboratory parameter measured at V3 and the mean values of the same parameter measured at V4. Biochemical characteristics of mineral and bone metabolism of the entire study group (n = 27) are shown in Table 4 . A significant difference was found between values of 24-h urinary calcium. Particularly, after excluding urinary calcium values according to the preliminary verification, we observed that the mean value of urinary calcium at baseline, before starting to take the calcium-rich water (V1), was 126.33 ± 79.78 mg/24 h, whereas the mean value of urinary calcium at the end of the 3 week period of intake of the calcium-rich mineral water (V2) was 164.27 ± 133.43 mg/24 h. A statistically significant difference was observed between these two mean values of urinary calcium (p = 0.034). Specifically, a significant increase of 24-h urinary calcium value, which remained within the normal range, was found to be associated with the consumption of the calcium-rich mineral water.
No statistically significant difference was found between the mean value of urinary calcium measured under basal conditions at the end of the "wash-out" phase, before starting water B intake (V3) (141.54 ± 104.40 mg/24 h) and the mean value of urinary calcium at the end of the three week period of intake of the same water (V4), which was equal to 129.61 ± 81.08 mg/24 h (Figure 2 ). A significant difference was found between values of 24-h urinary calcium. Particularly, after excluding urinary calcium values according to the preliminary verification, we observed that the mean value of urinary calcium at baseline, before starting to take the calcium-rich water (V1), was 126.33 ± 79.78 mg/24 h, whereas the mean value of urinary calcium at the end of the 3 week period of intake of the calcium-rich mineral water (V2) was 164.27 ± 133.43 mg/24 h. A statistically significant difference was observed between these two mean values of urinary calcium (p = 0.034). Specifically, a significant increase of 24-h urinary calcium value, which remained within the normal range, was found to be associated with the consumption of the calcium-rich mineral water.
No statistically significant difference was found between the mean value of urinary calcium measured under basal conditions at the end of the "wash-out" phase, before starting water B intake (V3) (141.54 ± 104.40 mg/24 h) and the mean value of urinary calcium at the end of the three week period of intake of the same water (V4), which was equal to 129.61 ± 81.08 mg/24 h (Figure 2) . Comparisons between the mean value of 24 h urinary calcium at baseline, before consumption of the calcium-rich water (V1), and the mean value of 24 h urinary calcium after the 3 week period of intake of the calcium-rich water (V2), and between the mean value of 24-h urinary calcium under basal conditions, at the end of the "wash-out" phase, before starting intake of water B (V3), and the mean value of 24 h urinary calcium at the end of the 3 week period of intake of water B (V4), after excluding urinary calcium values according to the preliminary verification. The error bars indicate the standard error of mean. * = statistical significance.
Discussion
According to the literature [28,31,32], our study, which enrolled young premenopausal women with low dietary calcium intake, further confirms the well-known bioavailability of calcium from calcium-rich mineral waters, which we measured through an indirect parameter. Indeed, after excluding values of 24 h urinary calcium of some participants from the statistical analysis according to the preliminary verification, we observed a significant increase in the levels of 24 h urinary calcium Figure 2 . Comparisons between the mean value of 24 h urinary calcium at baseline, before consumption of the calcium-rich water (V1), and the mean value of 24 h urinary calcium after the 3 week period of intake of the calcium-rich water (V2), and between the mean value of 24-h urinary calcium under basal conditions, at the end of the "wash-out" phase, before starting intake of water B (V3), and the mean value of 24 h urinary calcium at the end of the 3 week period of intake of water B (V4), after excluding urinary calcium values according to the preliminary verification. The error bars indicate the standard error of mean. * = statistical significance.
According to the literature [28, 31, 32] , our study, which enrolled young premenopausal women with low dietary calcium intake, further confirms the well-known bioavailability of calcium from calcium-rich mineral waters, which we measured through an indirect parameter. Indeed, after excluding values of 24 h urinary calcium of some participants from the statistical analysis according to the preliminary verification, we observed a significant increase in the levels of 24 h urinary calcium excretion (although within the normal range) at the end of the three week period of intake of the calcium-rich mineral water. Conversely, no increase in 24 h urinary calcium values was associated with the consumption of B water, which has a low calcium content.
Urinary calcium excretion is the most relevant parameter for evaluating the systemic calcium balance. In the present study, the only variable introduced at the time of the analysis was the type of water ingested, with either low or high calcium content. Therefore, the variability observed in urinary calcium excretion can be considered as the indirect expression of increased intestinal calcium absorption.
It is known that ions other than calcium contained in mineral waters can influence urinary calcium excretion: sodium may promote it [42, 43] , while the effects of sulphate are not fully understood, as some authors reported a calciuric effect of sulphate, suggesting a better calcium balance with milk rather than with calcium and sulphate-rich waters [29] , whereas others have not confirmed these data [25, 28, 44] . Mineral waters are defined as sodium-rich and sulphate-rich when the content of sodium and sulphate is > 200 mg/L, respectively [19, 21] . Therefore, as the calcium-rich mineral water evaluated in our study is neither sodium-rich nor sulphate-rich (see Table 3 ), the increase in urinary calcium observed should not be attributed to the effect of the water ionic composition, but rather should be considered the result of the increased calcium load provided by a water rich in bioavailable calcium.
Concerning the other laboratory parameters of mineral and bone metabolism, no influence of the content of calcium in the water was observed. These results can have a number of explanations. Our study population was composed of young pre-menopausal women with low dietary calcium intake, whereas two previous studies recruited young pre-menopausal women with sufficient dietary calcium intake [36] and post-menopausal women with low dietary calcium intake [35] . In particular, Wynn et al. [36] showed that a calcium-rich mineral water rich also in sulphate had no effect on serum PTH and on the serum bone resorption marker CTX in young premenopausal women with sufficient dietary calcium intake. On the other hand, a significant reduction of both serum PTH and CTX was observed in the same study population after the consumption of a bicarbonate-rich alkaline water with the same amount of calcium. The effect on PTH, and consequently on CTX, was therefore not attributed to the calcium content of water, but rather to the possible direct action of the alkaline load over the parathyroid cells. Calcium excretion significantly increased with the consumption of both waters [36] . The waters used in our study could not be assimilated to a sulphate-rich acid water or to a bicarbonate-rich alkaline water. The alkaline environment created by bicarbonate-rich waters is known to be, per se, beneficial for the reduction of bone resorption [19, 44] .
A study by Meunier et al. showed positive effects of calcium from a calcium and sulphate-rich water on bone biomarkers in a sample of 152 post-menopausal women with low dietary calcium intake (below 700 mg/day), showing a significant reduction of serum concentrations of PTH and markers of both bone resorption and formation after a six month period of consumption [35] . Our study recruited young women, and the period of observation was only three weeks. Moreover, the calcium-rich mineral water used in our study was not sulphate-rich.
Our study did not evaluate acute effects of calcium-rich mineral water administration and acute effects on calcic metabolism could not be excluded, according to Guillemant et al. [40] .
A limitation of this study is the small sample size. Thus, the absence of differences related to biochemical characteristics of mineral and bone metabolism reported in Table 4 could be due to low statistical power. Future research should increase the number of enrolled participants and the duration of the study to improve the statistical power. Another limitation is the duration of the study (nine weeks), as it could be hypothesized that a longer period of intervention might contribute to the appearance of the effects of calcium from a calcium-rich water on biochemical parameters of mineral and bone metabolism.
However, the positive aspect is that we recruited young women who were adherent and compliant to the study procedures (diet, regular intake of a prefixed amount of water, 24-h urine collection). Overall, the study design is innovative and suitable to assess the hypothesis we made.
Conclusions
Both calcium and water are essential elements for life, and their adequate intake is, therefore, fundamental for the maintenance of many body functions. Particularly, adequate dietary calcium intake is necessary for the maintenance of bone health, and calcium-rich mineral waters can represent a valid tool to reach this purpose. Indeed, calcium-rich mineral waters are a valuable source of highly bioavailable calcium with beneficial effects on both bone biomarkers and bone densitometric parameters.
Our study shows that a calcium-rich water can be a good source of dietary calcium in young women, providing a significant intake of bioavailable calcium, which we have indirectly evaluated through the measurement of 24-h urinary calcium. Therefore, our study confirms that calcium-rich mineral water is a valuable calorie-free nutritional source of highly bioavailable calcium, and that it can significantly contribute to achieving the daily requirements of this element. In our study the lack of the effects of calcium from calcium-rich water on bone biomarkers does not exclude the possibility that in a longer observation and in populations more prone to an increased bone remodeling status (i.e., post-menopausal women) this effect could be found.
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